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A numerical model is developed for the evaporating liquid meniscus in wick 
microstructures under saturated vapor conditions.  Four different wick geometries representing 
common wicks used in heat pipes, viz., wire mesh, rectangular grooves, sintered wicks and vertical 
microwires, are modeled and compared for evaporative performance.  The solid-liquid combination 
considered is copper-water.  Steady evaporation is modeled and the liquid-vapor interface shape is 
assumed to be static during evaporation.  Liquid-vapor interface shapes in different geometries are 
obtained by solving the Young-Laplace equation using Surface Evolver.  Mass, momentum and 
energy equations are solved numerically in the liquid domain, with the vapor assumed to be 
saturated.  Evaporation at the interface is modeled by using heat and mass transfer rates obtained 
from kinetic theory.  Thermocapillary convection due to non-isothermal conditions at the interface 
is modeled for all geometries and its role in heat transfer enhancement from the interface is 
quantified for both low and high superheats.  More than 80% of the evaporation heat transfer is 
noted to occur from the thin-film region of the liquid meniscus.  The very small Capillary and 
Weber numbers resulting from the small fluid velocities near the interface for low superheats 
validate the assumption of a static liquid meniscus shape during evaporation.  Solid-liquid contact 
angle, wick porosity, solid-vapor superheat and liquid level in the wick pore are varied to study 
their effects on evaporation from the liquid meniscus.  
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 Hamaker constant 
Bo Bond number (Bo = ρgL2/σ) 
CP specific heat (J/kg°C) 
Ca Capillary number (μV/ σ) 
d width of rectangular ribs, or diameter 
of sphere/wire (m) 
dint width/diameter of the intersection 
area between wires/particles of two 
layers due to sintering (m) 
g acceleration due to gravity (m/s
2
) 
h initial height of liquid free surface 
from bottom surface (m)  
hevap convection heat transfer coefficient 
defined for evaporation (W/m
2 
K) 
hfg latent heat of evaporation  (J/kg) 




hl liquid enthalpy (J) 
H dimensionless height of liquid free 
surface (= h/L) 
k thermal conductivity (W/m K) 
l length of wires/ribs in unit cell (m) 
L characteristic length (m) 
''m  evaporative mass flux (kg/m2 s) 
M  molecular weight (kg/kmol) 
Ma Marangoni number 
             (  2( / )( ) 1/d dT T L  ) 
Nu Nusselt number (hnatL/k) 
p’ pitch (m) 
p hydrodynamic pressure (Pa) 
Pe Peclet number (Pe = Re Pr) 
Pr Prandtl number 
r radius of wires/spheres (m) 
Re Reynolds number (Re = ρVL/μ) 
R  universal gas constant (J/mol K) 
R
* 
asymptotic radius of liquid meniscus 
(m) 
Ra Rayleigh number 
( 3 2( | | Pr) /wall vRa g T T d    ) 
SM mass source term (kg/m
3
 s) 
SP  square-packed configuration 
T temperature (K) 
V velocity (m/s) 
We  Weber number (ρV2L/ σ) 
Greek 
α thermal diffusivity (m2/s) 
β thermal expansion coefficient (1/K) 
δ thin-film thickness (m) 
σ liquid-vapor surface tension (N/m) 
ρ density of liquid (kg/m3) 
θ contact angle between liquid and 
solid surface 
ν kinematic viscosity (m2/s) 
μ dynamic viscosity (Ns/m2) 
  accommodation coefficient 
Subscripts 
bot bottom solid wall 
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c capillary pressure 
cell cell element 
d disjoining pressure 
equ equilibrium 
f face of cell element 
l liquid  
lv liquid-vapor interface 
max maximum 
sat saturation 
ref reference  
v vapor 
wall non-wet portion of the solid wall 
 
1.  INTRODUCTION  
Heat pipes have proven to be among the most efficient passive cooling devices for electronics 
cooling.  Heat pipes use a porous medium to wick fluid from the condenser to the evaporator section.  
Wicking is caused by capillary forces acting at the solid-liquid-vapor contact line in the liquid-filled 
interstices in the porous medium.  With the increasing power density of electronic components, there is a 
need to optimize heat pipe microstructures to maximize the heat transfer rate and to minimize thermal 
resistance.  The wicking and thin-film evaporation characteristics of diverse wick microstructures were 
recently investigated by the authors [1, 2].  Four different wick microstructures were modeled using 
Surface Evolver [3] and static liquid-meniscus shapes were obtained for different wick geometries and 
solid-liquid contact angles.  A sintered wick structure was found to provide the greatest wicking 
capability as well as the highest rate of thin-film evaporation.  These conclusions were drawn on the basis 
of static liquid meniscus shapes, without flow and heat transfer computations.  In the present work, 
evaporation heat transfer from the liquid-vapor interface in different wick structures is modeled under the 
saturated vapor conditions representative of actual heat pipe operating conditions.  The flow field 
established in the wick pore due to evaporation at the liquid-vapor interface is modeled and evaporation 
heat transfer rates are computed for common microstructures. 
Iverson et al. [4] experimentally quantified wick performance in terms of evaporation rates for 
sintered copper powder wicks under conditions simulating heat pipe operation.  They compared the 
performance of four sintered wick samples of different pore sizes.  The evaporative thermal resistance 
across thin layers of sintered copper wicks of different porosities was experimentally measured under 
saturated vapor conditions by Davis and Garimella [5].  Thin-film evaporation, which takes place near a 
solid-liquid-vapor junction, is believed to be the dominant mode of heat transfer in such systems.  Thin-
film evaporation has been reported to affect the overall heat transfer capability in sintered porous media 
[6].  A theoretical model for thin-film evaporation was developed by Wang et al. [7, 8].  The model 
predicts that more than 50% of the total heat transfer from the evaporating meniscus occurs in the micro 
region of the meniscus. 
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Evaporation from liquid menisci in simple wicking geometries has been studied in the literature 
[9, 10] using mathematical models.  Wang et al. [11] modeled the transport from a volatile meniscus 
inside an open microtube.  This work delineated the structure of fluid flow near an evaporating meniscus, 
including Marangoni and buoyancy-driven instabilities.  Recently, Dhavaleswarapu et al. [12] visualized 
flow patterns near an evaporating meniscus using μPIV techniques and compared the influence of 
buoyancy and thermocapillarity on the overall flow structure.  These studies have led to a better 
understanding of the physics of an evaporating liquid meniscus and serve to provide guidelines for the 
design of efficient microstructures for passive cooling devices. 
Non-uniform evaporation at a liquid-vapor interface leads to the generation of thermocapillary 
stresses along the interface.  As a result, thermocapillary vortices are formed near the interface due to 
Marangoni convection.  This causes better mixing and increased heat transfer rates.  Marangoni 
convection under large temperature differences has been shown to have a significant enhancement effect 
on heat transfer [13,14,15].  Khrustalev and Faghri [16] developed a mathematical model of the 
evaporating liquid-vapor meniscus in a capillary slot.  They concluded that fluid flow can increase the 
heat transfer by up to 30%.  However, only a 3-5% increase was reported for superheats below 5K.  
Diffusion-driven evaporation from a liquid-vapor interface in a capillary slot has been modeled by Wang 
et al. [11] and Rice et al. [17]. 
Evaporation rates from the liquid meniscus in wick microstructures must be predicted for 
optimizing the wick topology and geometry in passive cooling devices.  In the present work, evaporation 
from the liquid-vapor interface in two- and three-dimensional wick microstructures is modeled under the 
following assumptions:  
1. The vapor phase above the liquid-vapor interface is assumed to be saturated to match the working 
conditions inside a heat pipe. 
2. The liquid meniscus is assumed to be static during the evaporation process, which is reasonable when 
the rate of feeding flow is sufficient to support the rate of evaporation at the interface.   
3. The effects of disjoining pressure and capillary pressure on the rate of evaporation from the liquid-
vapor interface formed inside wick pores have not been modeled in this work.  These effects are 
insignificant for length scales (or wick dimensions) > 100 μm, as shown by Wang et al. [7].  They 
showed that the contribution of the thin-film region to the net heat transfer rate from a liquid 
meniscus formed inside a rectangular channel of width 122 μm was only 8%.  (The thin film region, 
according to their definition, is that portion of the meniscus in which intermolecular forces such as 
disjoining pressure are significant.)  For larger channel widths, this contribution was shown to be 
smaller than 5%.  Since the typical dimension of capillary wick structures used in heat pipes is 100-
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200 μm, the effects of intermolecular forces on evaporation heat transfer rate from the liquid 
meniscus is assumed not to be significant and hence omitted from the present model.  
A comparative study of four different well-defined microstructured surfaces, representing 
sintered wicks, vertical microwires, rectangular grooves and screen mesh, is performed.  The solid-liquid 
combination selected is copper-water.  The microstructure with the best performance for the evaporator 
section of a heat pipe is determined from these computations.  Non-isothermal evaporation at the liquid-
vapor interface, leading to Marangoni convection near the interface, is also studied.  The parameters 
affecting the rate of evaporation from wick microstructures, viz., wick geometry, porosity, superheat, 
solid-liquid contact angle and meniscus level in the wick pore, are varied and their effects on evaporation 
rate are presented.  The role of thin-film evaporation and Marangoni convection in the heat transfer 
performance of a wick is also determined.  Results from the present work contribute to the understanding 
of the micro-level physics of evaporation in wick structures which can then be incorporated into an 
improved numerical model for working of heat pipes [18]. 
 
2. MATHEMATICAL MODEL 
2.1 Problem Description 
2.1.1 Microstructure topologies  
Some of the common wick structures used in cooling devices are made of wire meshes, sintered 
powders, grooves and felt/fiber.  These microstructures are generally multi-layered.  In this work, 
evaporation from the liquid free surface formed at the top of the wick pores is modeled for the four 
geometries studied so as to compare their evaporative performance. The porosity, defined as the ratio of 
void volume to the total volume, is taken to be same in all four cases.  As defined in [2], the unit cells for 
the four surfaces are shown in Figure 1 and described below. 
Topology 1:  Uniform spheres on a surface in square packing (SP) arrangement (Figure 1 (a) and (b)).  
Topology 2:  Surface with vertical wires in square packing (SP) arrangement (Figure 1 (c) and (b)).  
Topology 3:  Surface with parallel horizontal wires (Figure 1 (a) and (d)). 
Topology 4:  Surface with parallel horizontal rectangular ribs (Figure 1 (c) and (d)). 
In Figure 1 (a), h is the initial height of the filling liquid measured from the bottom, and r is the 
radius of the wire or sphere.  h is defined as the height of the meniscus inside the wick pore in a non-
equilibrium situation, i.e., when the meniscus in the wick pore is flat.  This is also the initial configuration 
of the meniscus prescribed in Surface Evolver to obtain the equilibrium minimum-energy shape of the 
liquid meniscus for a given solid-liquid contact angle.  In Figure 1(d), the length, l, of the wires and ribs is 
not significant as the problem is two-dimensional in those cases.  The pitch, p’, is defined as the distance 
between the centers of adjacent spheres/wires/ribs.  In the cases of square-packed spheres and wires, we 
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assume that the pitch is the same in both the longitudinal and transverse directions.  The same porosity is 
maintained for all other topologies considered in the comparative study for evaporative performance.  The 
non-dimensional meniscus level is defined as H = h/r. 
 
2.1.2 Liquid meniscus shapes 
Static liquid meniscus shapes in the given wick geometries are obtained using the program 
Surface Evolver [3].  Surface Evolver computes the total surface energy of a given system and the 
equilibrium minimum energy configuration is obtained by a gradient-descent method.  Details of this 
method can be found in [1, 2].  The static liquid meniscus shapes are exported from Surface Evolver to 
GAMBIT [19] and the domain is discretized for finite volume computations in FLUENT [19].  It is noted 
that the assumption of a static meniscus shape under evaporative conditions would be valid for very small 
Weber and Capillary numbers, and the validity of this assumption will be discussed in section 4.3.6.  
Gravitational forces are not included in the Surface Evolver or CFD computations.  The Bond number, 
defined as the ratio of gravitational to surface tension forces (Bo = ρgL2/σ), is of the order of 10-3 for 
microstructures of length scales of the order of 100 μm and a solid-liquid combination of copper and 
water.  The surface tension forces are thus much more significant than any other forces at this length 
scale.  The porosity of the wick (a porous medium) is defined as the ratio of liquid (or void) volume to the 
total volume of a unit cell (Figure 1) representing the porous medium.  The porosity of all the 
microstructures is fixed at 0.56, while the characteristic length scale of the wick, i.e., diameter in case of 
wires and spheres, and rib width in case of rectangular grooves, is held at 200 μm. 
Figure 2 (a) shows the equilibrium shape of a liquid meniscus formed inside the pore of square-
packed spheres on a surface.  The solid-liquid contact angle is assumed to be 30°, the porosity is 0.56, and 
the non-dimensional radius (radius taken as the length scale) of the spheres is 1.  The surface mesh, 
obtained from Surface Evolver, is exported into GAMBIT and a finite-volume mesh is generated.  
Tetrahedral elements are used for meshing the liquid and solid domains.  The mesh generated for the case 
of square-packed uniform spheres with a porosity of 0.56, H = 1 and solid-liquid contact angle = 30° is 
shown in Figure 2(b).  Only one-fourth of the pore surrounding a single sphere is modeled, exploiting the 
symmetry planes. 
 
2.2 Evaporation at the Liquid-Vapor Interface 
Evaporation from a liquid-vapor interface has been modeled under the assumption of saturated 
vapor conditions, simulating heat pipe operation.  The evaporative mass flux at the interface is obtained 
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The equilibrium vapor pressure can be approximated as the corresponding saturation 
pressure,
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2.3 Governing Equations and Boundary Conditions 
Liquid domain 
Incompressible, laminar and steady flow of water with constant properties is assumed in the 
liquid domain. The following continuity, momentum and energy equations are solved:    
. 0V                                                                             (3)                                                                                                             
0 .( ) .l lp V V V                                                            (4)            
    0 . ( ) .( )l l lV h k T                                                                 (5) 
In the solid wall, the energy equation reduces to:       
                               
2 0T                                                                                    (6) 
The boundary conditions are illustrated below for the case of a 2D meniscus formed between horizontal 
wires as shown in Figure 3. 
Liquid inlet 
The incoming liquid is assumed to be at a constant temperature, Tinlet, with a stagnation-pressure 
inlet boundary condition.  
Bottom wall  
A constant temperature boundary condition is applied at the bottom solid wall.  In a sintered wick 
structure, neighboring particles/wires are attached over a certain contact area.  In the present work, only 
the top layer of the wick structure is considered, and the intersection area with the lower layers of 
particles/wires is represented by a bottom wall with the assumption of a contact area width or diameter of 
0.1*d.  The temperature of the bottom wall is represented by Tbot. 
Top wall 
A convective heat transfer boundary condition is imposed on the non-wetted portion of the solid 
particles which is exposed to vapor, labeled Top Wall in Figure 3: 
                       . ( )wall nat wall vk T n h T T                                                                            (7) 
The value of the natural convection coefficient hnat from the surface of spheres and long wires is given by:       
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in which the Nusselt number, Nu, is given by [21]:  












                                                        (9) 
           3 2( | | Pr) /wall vRa g T T d                                                          (10) 
For a wire of diameter = 200 μm and Twall  Tv = 2.5 K, hnat ≈ 38 W/m
2
K.  This value of hnat has been used 
for all microstructures in the present work, unless otherwise specified. 
Liquid-vapor interface 
The liquid-vapor interface is modeled as a fixed interface with a convective boundary condition; 
hevap is obtained using the evaporative mass flux expression (Eqn. 1) and is discussed further in the 
following section.  
 
3. NUMERICAL ANALYSIS 
The numerical solution is obtained with the pressure-based finite volume scheme [22, 23] using 
the commercial CFD package, FLUENT [19].  The convective and diffusive terms in the momentum and 
energy equations were discretized using the second-order upwind scheme and the second-order 
differencing scheme, respectively.  Pressure-velocity coupling is achieved using the SIMPLE algorithm.  
Grids for all microstructures considered are generated using tetrahedral elements.  Only the unit cell 
representations shown in Figure 1 are included in the domain.  Mass transport due to evaporation at the 
liquid-vapor interface is implemented by imposing mass source terms in the liquid cells adjacent to the 
interface, as represented in Figure 4.  This mass source term has a negative value and is given by: 
                             
'' /M f cellS m A V                                                                              (11) 
where Af  is the interface area of the cell and Vcell is the volume of the cell.  The evaporative heat transfer 
corresponding to the evaporation rate in Eqn. 1 is implemented as an effective convective heat transfer 
condition at the liquid-vapor interface, with a convective heat transfer coefficient given by 











                                                                          (12) 
This ensures that an evaporative heat loss 
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4. RESULTS AND DISCUSSION 
The numerical model is first verified against the semi-analytical model for thin-film evaporation 
from a liquid meniscus developed by Wang et al. [7].  Evaporation from liquid menisci formed in four 
different wick microstructures are then considered.  Feeding flow and temperature fields are first 
presented for the 2D meniscus formed between horizontal wires and for 3D menisci formed in a layer of 
packed spheres and vertical microwires.  All four microstructures are then compared for their evaporative 
performance for a fixed porosity and characteristic length.  The influence of pore geometry, characteristic 
length, wick porosity, solid-liquid contact angle, vapor temperature, and imposed superheat (∆T = Tbot-Tv) 
is then discussed with reference to a 2D liquid meniscus formed between horizontal wires.  A water-
copper combination is used in all the simulations, unless specified.  Thermophysical properties of water 
are included in Table 1. 
 
4.1 Model Verification 
The evaporation heat transfer rate from a liquid meniscus formed in a rectangular slot is 
computed using the present numerical model and compared with the results of Wang et al. [7], who 
investigated an evaporating meniscus of octane in a microchannel through an augmented Young-Laplace 
model and the kinetic theory-based expression (Eqn. 1) for mass transport across the liquid-vapor 
interface.  The equilibrium vapor pressure at the liquid-vapor interface is given by  
_
_
( ) ( ) ( )
( ) ( )exp
/
v equ lv sat lv d c
v equ lv sat lv
l lv
p T p T p p
p T p T
T R M
   
  
 
                                       (13) 
where pd (= -A
*/δ3) and pc (= 2σ/R
*
) are the disjoining and capillary pressures, respectively.  They 
modeled the effects of disjoining pressure and capillary pressure on the thin-film profile and evaporation 
heat transfer rate.  The liquid pressure drop in the thin liquid film was approximated based on lubrication 
theory.  For verifying the present model, a case with an asymptotic meniscus radius (R
*
) of 61 μm was 
chosen, with a meniscus profile identical to that in Wang et al. [7].  The domain for this problem is shown 
in Figure 5(a).  The thickness of the non-evaporating thin-film is taken to be 3.4 nm.  The vapor is 
assumed to be saturated at 343 K while the hot wall is superheated at 344 K.  The thermophysical 
properties of octane were taken from [7].  Figure 5(b) shows the temperature contours in the liquid 
domain of the evaporating meniscus.  Figure 6 shows the evaporative mass flux and cumulative heat 
transfer rate along the meniscus, starting from the non-evaporating thin-film region.  More than 50% of 
total evaporation heat transfer occurs from a meniscus region with thickness below 1 μm, in agreement 
with Wang et al.  The present numerical model predicts the total evaporation heat transfer rate from the 
meniscus to be 1.92 W/m in contrast to the 1.69 W/m predicted by Wang et al. [7].  The suppression of 
evaporation heat transfer due to disjoining and capillary pressures are also modeled and found to be 
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insignificant, with less than 1% change in the evaporation rate due to equilibrium vapor pressure 
supression at the interface.  However, the present model does not approximate the liquid pressure drop 
inside the liquid thin-film by lubrication theory, and therefore predicts an evaporation heat transfer rate 
that is higher by ~13% as compared to Wang et al..  It should be noted that the lubrication theory 
approximation made by Wang et al. fails for large channel widths.  
 
4.2 Comparison of Wick Microstructures 
A comparative study of evaporation from the liquid menisci formed in different wick 
microstructures is presented in this section. 
 
4.2.1 Feeding flow and temperature fields 
Figure 7(a) shows the steady-state temperature field in the liquid and solid domains along with 
the particle paths at a liquid cross-section during evaporation from a static meniscus between horizontal 
wires for d = 200 μm, Tbot  = Tinlet = 300.5 K, Tv = 298 K, θ = 15° and p’ = 356 μm.  From the temperature 
contours, it is observed that evaporation at the liquid-vapor interface leads to cooling of the liquid near the 
interface relative to the incoming liquid at the inlet.  Liquid is fed steadily to the interface to sustain 
evaporation.  The particle paths illustrate the fluid feeding as well as the Marangoni vortex set up near the 
interface due to thermocapillary convection.  Temperature contours in the wick pore between square-
packed vertical microwires are shown in Figure 7(b) for a solid superheat (Tbot – Tv) of 2.5 K, d = 200 μm, 
Tinlet = Tbot = 300.5 K, Tv = 298 K, θ = 60° and p’ = 266 μm.  The liquid-vapor interface is at the vapor 
temperature except in the contact line thin-film region.  
 The temperature contours and particle paths for evaporation from a 3D meniscus formed between 
square-packed spheres for d = 200 μm, Tinlet = Tv = 298 K, Tbot = 300.5 K, θ = 15° and p’ = 356 μm are 
shown in Figure 8(a).  A complex toroidal-shaped Marangoni vortex is formed below the interface due to 
non-isothermal evaporation at the interface.  Results are also shown in Figure 8(b) at two vertical planes 
in the wick pore, the central plane (c-d) and the symmetry plane (a-b).  The temperature of the liquid-
vapor interface is lowest in the central pore region, away from any solid walls.  The Marangoni vortex 
formed near the interface has a toroidal shape, with the vortex diameter being non-uniform around the 
sphere: the vortex diameter is largest in central plane c-d while it is smallest in symmetry plane a-b. 
 
4.2.2 Comparison of evaporative performance 
The different wick topologies presented in section 2.1.1 are compared here for evaporative 
performance under identical porosity (0.56), characteristic length (200 μm), liquid and vapor conditions.  
A 60° solid-liquid contact angle is used for all cases with Tbot = 300.5 K and Tinlet = Tv = 298 K.  The 
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evaporative heat flux based on the base (substrate) area of the wick (i.e., the sum of the liquid inlet and 
bottom wall areas, Figure 3) is compared to identify the best-performing microstructure.  Figure 9 shows 
that the packed-spheres structure offers the highest rate of evaporation and substrate heat flux among the 
four microstructures studied.  A separate comparison study conducted for a different set of parameters 
(contact angle changed from 5° to 90°, superheat (Tbot – Tv) from 1 K to 10 K) yielded a similar result.  
This is also consistent with previous predictions by the authors based on a thermal resistance network 
model and static liquid meniscus shapes in the wick microstructure [1, 2].  The thin-film area of the 
meniscus was reported to be highest for the case of packed spheres on a surface, based on static-
equilibrium liquid meniscus shapes.  This leads to the highest evaporation rate for the sintered particle 
structure.  In the present comparative study, the area-averaged heat transfer coefficient at the interface 
(Eqn.12) is observed to be nearly the same for all the wick structures.  The rate of evaporation, therefore, 
is determined by the extent of the thin-film area formed on the meniscus near the solid-liquid contact line 
in the wick pore. 
  
4.3 Evaporation from a 2d Meniscus between Wires  
Evaporation from 2D menisci formed between the horizontal wires of a screen mesh is studied in 
detail to demonstrate the effect of parametric variations in solid-liquid contact angle, superheat, liquid 
level in wick pore, characteristic length and porosity of the wick.  Tinlet is taken to be the same as Tbot for 
all the cases considered here.  The superheat (∆T) is defined as Tbot – Tv.   
 
4.3.1 Evaporation at the interface 
The evaporative mass flux and heat transfer coefficient on the interface are plotted in Figure 10(a) 
and 10(b), respectively, for different contact angles and superheats (d = 200 μm, Tv = 298 K, p’ = 356 
μm).  The evaporative mass flux is highest in the corner region (near the contact line).  Also, more than 
80% of the total evaporation from the interface occurs from a small area (approximately 20% of the total 
area) of the meniscus, identified as the thin-film area.  According to the definition used (as in [1]), the 
thickness of the thin-film region is on the order of 10 m; such a region has been identified as a “micro” 
region in other studies [7].  Thus, thin-film evaporation accounts for most of the heat transfer from the 
liquid meniscus.  Also, the corner region is seen to be at a higher temperature than the central meniscus 
region which is almost at the vapor temperature.  Such non-isothermal evaporation causes thermocapillary 
stress along the interface which leads to the formation of Marangoni vortices.  The maximum heat 
transfer coefficient also occurs in the corner region of the meniscus; however, the maximum value of hevap 
is only 2-5% higher than that in central region of the meniscus.  Both evaporative mass flux and heat 





4.3.2 Role of bulk convection  
Marangoni convection, which arises due to a surface tension gradient at the non-isothermal 
interface, has been shown to increase the heat transfer rates significantly in many systems [13-15].  At 
low superheats (< 5K), however, it is observed that Marangoni convection does not significantly affect 
evaporation from a liquid meniscus into a saturated vapor.  The role of convection is quantified here by 
comparing the evaporative heat flux for a full simulation including Marangoni convection with that from 
a calculation where only conduction is considered in the liquid and solid domains.  The Peclet number is 
very small (of the order of 10
-2
) for low superheats and hence, heat transfer in the liquid would be 
expected to be diffusion-dominated.  The Marangoni number, defined as  2( / )( ) 1/Ma d dT T L   , is 
3.6 for the present conditions of ∆T = 2.5 K and L = 200 μm.  The evaporative mass flux at the interface 
is shown in Figure 11(a) for the pure conduction and Marangoni convection cases (d = 200 μm,  Tv = 298 
K, p’ = 356 μm, θ = 15°).  Marangoni convection increases the evaporative mass flux in the central region 
of the meniscus.  However, the total evaporation rate from the interface is only mildly enhanced by the 
convection induced in the bulk liquid.  The role of the Marangoni vortex is to transport the heated liquid 
from near the solid superheated wall to the cooler interface area.  However, due to the very low liquid 
velocities in this problem (due to low superheats), the effect of convection remains low.  The effect of 
Marangoni convection is seen to increase if superheat is increased as shown in Figure 11(b).  
 
4.3.3 Influence of solid-liquid contact angle 
The solid-liquid contact angle has been demonstrated to have a significant effect on the thin-film 
area of a liquid meniscus [1, 2].  Although copper-water is the solid-liquid combination considered in this 
work (with corresponding contact angles of 84° and 33° at the advancing and receding liquid fronts, 
respectively [24]), the contact angle is now varied to study its effect on evaporation.  The contact angle 
changes with the solid-liquid combination in question, but also for a given material pair with changes in 
surface roughness and surface treatment.  In Figure 12, the base heat flux is plotted for various contact 
angles and superheats.  The contact angle is varied over a reasonable range for wetting fluids, i.e., from 5° 
to 90°, with d = 200 μm, porosity = 0.56, Tinlet = Tbot, Tv = 298 K and H = 1.  The heat flux is observed to 
decrease by almost 50% as the contact angle is changed from 5° to 90° at each of the three different 
superheat levels considered.  Higher heat fluxes are observed for higher superheats.  The area-averaged 
heat transfer coefficient at the interface (
evaph ), on the other hand, does not change significantly with 
variations in contact angle.  This shows that the increase in heat flux with decreasing contact angle is due 
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to the increase in meniscus area.  The evaporation heat transfer coefficient is determined by the saturation 
temperature and interfacial conditions, irrespective of the contact angle, and can be inferred from Eqns. 1 
and 12.  The strong dependence of heat flux on contact angle suggests that the addition of surfactants or 
other additives to decrease contact angle could yield large dividends in terms of the heat flux supported, 
provided that other controlling thermal resistances can be decreased. 
 
4.3.4 Effect of superheat and liquid level 
The driving temperature difference (∆T) for evaporation and the dimensionless liquid meniscus 
level (H) in the wick pore are varied to study their effects on evaporation from the interface with other 
factors held constant (d = 200 μm, porosity = 0.56, Tinlet = Tbot, Tv = 298 K).  H is taken to be 1 as the 
superheat is varied, while ∆T = 2.5 K as H is varied.  In Figure 13(a), the base heat flux (and thus the rate 
of evaporation) is observed to increase with increasing ∆T with the increase being somewhat linear for ∆T 
< 15K.  At higher superheats and low contact angles, the heat flux increases at a higher rate, as shown for 
θ = 15°.  The Peclet number Pe, which is the ratio of advection of energy to the rate of its diffusion, is 
computed for four superheats (5 K, 10 K, 15 K and 20 K) for θ = 15°:  Pe = 0.44 (Re = 0.063), 0.7 (Re = 
0.1), 0.91 (Re = 0.13), 1.12 (Re = 0.16) for ∆T = 5, 10, 15 and 20 K, respectively.  At these very low 
values of Re and Pe, convection effects cannot be significant.  The non-linear increase in evaporation rate 
observed for superheats exceeding 15 K is most likely due to the non-linearity in the expression for 
evaporation rate (Eqn. 1) and the Clausius Clapeyron equation (Eqn. 2). 
In Figure 13(b), the effect on evaporation of a variation in the liquid level in the wick pore is 
shown for three different contact angles.  The non-dimensional liquid height (H = h/r) is varied from 0.4 
to 1.8.  The total evaporation rate from the meniscus is highest when the meniscus is at its lowest level (H 
= 0.4) and decreases as H is increased.  The total area of the meniscus as well as thin-film area are higher 
when H < 0.5 [1, 2].  The variation of liquid level in the pore does not significantly affect the evaporation 
rate from the meniscus for H > 0.8.  This is in agreement with the predictions from a previous thermal 
resistance model developed by the authors [1] where the effective thermal resistance offered by the wick 
was found to change only by 15% as the liquid level in the pore was changed.  The higher evaporation 
rates observed for H < 0.8 is attributed to the proximity of the interface to the liquid inlet (Tinlet = Tbot) 
which increases the interface temperature in the central region of the meniscus. 
 
4.3.5 Effect of characteristic length and wick porosity 
The effects of variations in porosity and characteristic length on evaporation are now presented. 
Values of hnat are evaluated using Eqn. 9 as the wire diameter changes.  Figure 14 shows the variation of 
base heat flux with increasing wire diameter for porosity = 0.56, Tinlet = Tbot, Tv = 298 K and H = 1.  The 
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heat flux decreases steeply with increasing characteristic length for all superheats.  For a very wire small 
diameter (10 μm), the percentage thin-film area of the meniscus [1] is very high (> 80%) and hence the 
base heat flux is highest at the smallest diameter. 
The influence of wick porosity is shown in Figure 15 for d = 200 μm, ∆T = 2.5K, Tinlet = Tbot, Tv = 
298 K and H = 1.  The rate of evaporation decreases with increasing porosity which is again because the 
thin-film area of the meniscus decreases with increasing porosity [1, 2].  The interface area-averaged heat 
transfer coefficient remains independent of the geometrical properties of the wick structure.  The 
evaporative mass flux at the liquid-vapor interface is a function of the pressure and temperature at the 
interface and the vapor saturation temperature, as shown in Eqn. 1.  Hence, the interface area-averaged 
heat transfer coefficient is not strongly influenced by the wick geometry. 
 
4.3.6 Validity of static meniscus shape assumption 
Evaporation-led instabilities at the liquid-vapor interface have been discussed for high 
evaporation rates in the literature [25].  In the present work, due to the lower superheats considered, very 
low flow velocities are induced in the liquid.  This leads to a Capillary number (defined as the ratio of 
viscous to surface tension forces, /Ca V  ) of the order of 10
-3
 and a Weber number (defined as the 
ratio of inertial to surface tension forces, 2 /We V L  ) of the order of 10
-7
.  Therefore, surface tension is 
a much more significant force than viscous or inertial forces at the interface in the present case.  Hence, 
the assumption of a constant meniscus shape during evaporation is justified at these low superheats. 
 
5. CONCLUSIONS 
A numerical model for evaporation from the liquid-vapor interface in wick microstructures is 
presented.  Idealized unit-cell representations of four different wick microstructures – sintered wicks, 
vertical microwires, rectangular grooves and screen meshes – are modeled.  Liquid-vapor interface shapes 
are obtained for different meniscus levels and solid-liquid contact angles using the program, Surface 
Evolver.  Flow and temperature fields are presented for evaporation from the liquid-vapor interface in the 
wick pores under saturated vapor conditions.  The different wick microstructures are compared for 
evaporative performance at a fixed porosity, characteristic length, solid-liquid contact angle and thermal 
boundary conditions.  The pore formed between packed spheres offers the highest rate of evaporation 
which is consistent with the prediction made in previous work by the authors based on an approximate 
thermal resistance network model for heat transfer in the wick pore without detailed flow and heat 
transfer computations [1, 2].  Non-isothermal evaporation leads to a surface tension gradient on the 
interface.  This induces Marangoni convection in the liquid domain.  Complex toroidal-shaped Marangoni 
vortices form below the meniscus.  The role of Marangoni convection is, however, quite small for low 
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superheats (< 5 K).  A parametric study is conducted to delineate the effects of changes in contact angle, 
superheat, meniscus level, characteristic length and wick porosity on the evaporation rates.  The main 
conclusions from the parametric study are summarized below: 
 Evaporation heat transfer from the liquid-vapor interface decreases with increasing contact angle due 
to a corresponding decrease in the thin-film area. 
 Evaporation heat transfer increases with increasing superheat while it is less affected by a change in 
meniscus level.  The increase in evaporation rate becomes nonlinear for larger superheats (> 10K) 
when convection becomes significant. 
 The heat flux due to evaporation decreases with increasing wick characteristic length and porosity.  
This is again because of the corresponding decrease in thin-film area. 
 The area-averaged heat transfer coefficient at the interface ( evaph ) does not change significantly with 
varying wick geometry, superheat, meniscus level and contact angle.   
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Table 1.  Thermophysical properties of water at 298 K. 
Fluid Water 
M (kg/kmol) 18.01 
ρ (kg/m3) 998.2 
k (W/mK) 0.6 
μ (kg/ms) 0.00103 



















































Figure 1.  Side views of surface with (a) spheres (square packed) and horizontal wires, (c) vertical 
wires and parallel rectangular ribs, and plan views of surface with (b) spheres and wires (both 
square packed) and (d) horizontal wires and rectangular ribs.  The corresponding unit cell is also 

























Figure 2.  (a) Liquid meniscus shape for square-packed spheres, H = 1, d = 1, θ = 15°; (b) surface 
mesh generated in GAMBIT for a unit cell representing square-packed spheres, porosity = 0.56, H = 



























Figure 4.  Implementation of evaporative cooling at liquid-vapor interface. A computational cell at 




















Figure 5.  (a) Computational domain used for model validation of an octane meniscus formed inside 
a microchannel with R
*
 = 61 μm; (b) temperature contours in the domain for superheat = 1 K (solid 





Figure 6.  Evaporative mass flux and cumulative heat transfer rate at the octane meniscus formed in 















Figure 7.  (a) Temperature contours and particle paths for 2D meniscus formed between horizontal 
wires, d = 200 μm, Tinlet = 300.5 K, Tv = 298 K, Tbot = 300.5 K, θ = 15°, p’ = 356 μm (porosity = 
0.56), and (b) temperature contours on the interface, symmetry planes and top wall (refer Figure 3) 
for 3D meniscus formed in the pore of square-packed vertical microwires, d = 200 μm, Tinlet = 298 





























Figure 8. Temperature contours and particle paths for (a) 3D meniscus formed between square-
packed spheres, d = 200 μm, Tinlet = 298 K, Tv = 298 K, Tbot = 300.5 K, θ = 15°, p’ = 356 μm 









Figure 9.  Comparison of microstructures for evaporative performance, porosity = 0.56, θ = 60°, 














Figure 10.  (a) Evaporative mass flux and (b) heat transfer coefficient on the interface, d = 200 μm, 


































Figure 11.  (a) Evaporative mass flux from the interface for pure conduction and Marangoni 
convection cases with different superheats, and (b) percentage change in total heat flux with and 
without Marangoni convection as a function of superheat, d = 200 μm,  Tv = 298 K, θ = 15°, p’ = 







Figure 12.  Variation of heat flux (based on base area) with solid-liquid contact angle, for three 





















Figure 13.  Variation of base heat flux for various contact angles with (a) superheat, d = 200 μm, 
Tinlet = Tbot, Tv = 298 K, p’ = 356 μm (porosity = 0.56), H =1 , and (b) meniscus level (H), d = 200 








Figure 14.  Variation of base heat flux with wire diameter for various superheats with porosity = 

















Figure 15.  Variation of base heat flux with wick porosity at different superheats, d = 200 μm, ∆T = 
2.5K, Tinlet = Tbot, Tv = 298 K and H = 1. 
 
 
 
 
 
 
